Surface plasmons polaritons (SPPs) are collective excitations of electrons coupled to an electromagnetic field at the interface between a dielectric and a metal. 1 Their evanescent nature along the normal to the metal/dielectric interface allows subwavelength confinement that can be significantly smaller than diffraction limited optical waves in bulk media. SPPs, therefore, are ideal candidates for the construction of subwavelength optical devices. In the past few years, SPPs have also been identified to be the major physical mechanism involved in the extraordinary transmission of light (ETL) through metal films with subwavelength holes which was first reported by Ebbesen et al. 2, 4 Subsequent studies have been made on uniform periodic arrays of holes, slits, and more complex shapes fabricated in metallic films. Those studies demonstrate that one can take advantage of the interference between plasmons generated on metal films by uniform periodic sources (e.g., slits or holes in metal films) to, for instance, focus or disperse light, 5, 6 or realize ETL. 7 Naturally, for flexible control and manipulation of light by such metal films it is necessary to evolve beyond the uniform periodic sources in refs 2-7 and introduce the rich possibilities afforded by nonuniform source films. When light enters a subwavelength dielectric structure in a metallic film, a significant fraction, if not all, of the light propagates through the film as surface plasmons that are confined at the metal/dielectric interfaces. For example, transverse magnetic (TM) polarized light impinging on a silver film containing air gaps gives rise to waves known as gap plasmons (GPs), whose properties are closely related to the dimensions of the gaps: the smaller the gap width, the larger the wavenumber of the GP. 11, 12 This way, one can design sources of plasmons with arbitrary phase by adjusting the width of the gap. Similarly, one can fill the air gaps with different dielectrics hence inducing an optical path length between the generated plasmons. 8, 10 Those two approaches are quite inflexible and practically hard to fabricate.
In order to realize surface plasmon sources with chosen phase and amplitude, our approach utilizes the gap plasmon dispersion relation along with Fabry-Perot (FP) resonances in a cavity. 13, 14 Air gaps in metal films typically display lowefficiency FP resonance 13 that, as we explain later, can be increased by introducing highly reflective "mirrors" on both sides of the metal film. Sharper resonance results in longer propagation of the GPs in the gaps due to constructive interference and multiple reflections in the cavity. Hence, the relative phase accumulation at the output side for slits of varying widths is increased regardless of the metal film thickness. Our cavity design corresponds to a forced mechanical oscillator: when driven below, at, and above the resonance frequency, the response lags, matches, or leads in phase. 15 Namely, tuning the width of the gap, or equivalently the GP wavenumber, allows a control of the phase and amplitude of the generated SP. To illustrate this new mechanism, we present a simple design consisting of only two parallel cavities of different widths. We show that such a system realizes a unidirectional plasmonic antenna similar to the one that was studied very recently by López-Tejeira et al. 16 In our unidirectional antenna, however, the lateral size can be reduced to half a plasmon wavelength (compared to a minimum size of several wavelengths in ref 16) . Additionally, the top surface of our antenna is flat, which may prove useful for many applications such as sensing. Furthermore, using both the gap plasmon dispersion relation and the metal mirrors allows us to provide a design that does not use an unrealistically small slit width 9 or very difficult fabrication procedures such as filling different slits with different dielectrics. 10 We start by studying one cavity by itself. The metal used is gold, and we work at the telecom wavelength of 1.53 µm. As mentioned above, a slit Fabry-Perot resonance is inefficient because of excessive radiation damping due to poor reflection from the terminated slits. 17 One solution to overcome this problem is to introduce highly reflective, semitransparent, thin metallic mirrors at each end of the slit. The thickness of the metallic mirrors influences two parameters. First, adding a metallic layer creates a change of impedance at the boundaries of the dielectric filled slit, which causes the gap plasmons to reflect on those boundaries. Hence the Q-factor increases, and the thicker the film, the larger the impedance mismatch and the larger the Q-factor of the cavity. Second, the effective cavity length varies due to the finite permittivity of the metal. We have performed various simulations (not presented here) in order to evaluate quantitatively the effect of the metallic mirrors. The Q factor, which is about 5 for a slit filled with Ta 2 O 5 as in our design, rises to 10 for 10 nm wide gold mirrors and increases again for wider films, until it saturates around 22 for 30 nm films due to propagation losses inside the cavity. The resonant wavelength is also affected by the width of the semitransparent mirrors. Indeed, without mirrors it is about 1250 nm since the slit is terminated by low permittivity dielectric (air). Introducing the mirrors shifts this wavelength to 1530 nm for 10 nm wide films due to penetration of the field in the metal, and then for wider films it slowly decreases again toward 1420 nm. In the following demonstration, we will focus on gold-film mirrors approximately 10 nm thick which provide, as we explain later, SPPs with amplitude and phases that fit our antenna design. For practical purposes, one mirror is placed on a supporting substrate while the second, or upper, mirror lies on top of a dielectric filler material.
A single cavity structure, detailed in the Figure 1 , is numerically investigated using a finite-element frequencydomain method (Comsol Multiphysics) for the solution of the Maxwell's equations. The complex frequency-dependent gold permittivity is set to ε m ) -127 + 11i, 18 while the refractive index of the dielectric is set to n d ) 2.3 corresponding to Ta 2 O 5 . The cavity structure lies on a quartz substrate with a refractive index n s ) 1.5, and the cavity is illuminated by a TM polarized plane wave through the substrate (electric field parallel to the x axis). We consider infinite slits along the z axis (Figure 1 ) reducing the numerical simulation to a simple two-dimensional problem. Figure 2a (solid line) shows the amplitude of the plasmons at the output of the cavity, that is to say of the plasmons generated on the upper interface of the slab and propagating along the x axis, as a function of the incident wavelength. We use the aforementioned parameters as well as the following dimensions: a slit with width W R ) 100 nm, a gold metal film thickness H ) 200 nm, and thin gold mirrors with thicknesses m ) 10 nm. The resonant wavelength of this structure is λ 0 ) 1530 nm with a calculated Q-factor of 10, defined as the central wavelength divided by the bandwidth at half intensity. The
nm. We calculate the phase and amplitude of the plasmons at the output of the cavity using the magnetic component of the plasmonic field at a distance of 1 plasmonic wavelength of the edges of the cavity in the x direction and at the metal/dielectric interface. This is achieved using a mode-matching technique as described in ref 19 , where the magnetic field at a certain abscissa is projected on the plasmonic mode and integrated, hence giving access to a coefficient that contains both the phase and amplitude of the plasmonic field at the x position.
Recalling the goal of obtaining sources of plasmons at a given wavelength λ 0 with a desired phase and amplitude, we study the effects of changing the width of the slit on the phase (dashed line) and the amplitude (solid line) of the waves exiting the cavity, presented in Figure 2b . As expected, the output phase (at a constant frequency) follows the same trend when W ranges from 30 to 100 nm, starting around -π/2 and crossing zero at W R ) 100 nm as designed. On the other hand, it varies over a smaller range from 100 to 400 nm and saturates near π/4. The behavior of the plasmon wave amplitude follows the same trend. Indeed, this parameter is maximized for the resonant width of the slit but does not tend to zero when the width of the cavity is increased beyond its resonant value. In fact the output plamons amplitude decreases first due to cavity detuning and then slowly increases again from W ) 200 to 400 nm because of a slightly more efficient coupling of the incoming light to gap plasmons that is due to a geometric effect.
The behaviors of the extracted phase and amplitude from the previous simulations can be explained qualitatively by a simple model of a conventional Fabry-Perot cavity. One can express the phase of the output waves of a Fabry-Perot cavity as a function of the Q-factor (Q), the resonant wavelength (λ 0 ), and the wavelength of the waves (λ)
Similarly, given the input amplitude A 0 , the output amplitude A writes
Thus, when we study cavities with a fixed width (or equivalently for a fixed λ 0 ), the phase and amplitude of the plasmons at the output of the cavity depend on the Q-factor of the cavity as follows: a higher Q-factor increases the phase range for output plasmons but narrows the output amplitude peak and decreases the output plasmon generation efficiency out of the resonance. Then, when the incident wavelength varies below and above the resonant wavelength of the cavity, the amplitude shows a typical even dependency and reaches its maximum at the λ 0 , while the phase starts from a negative value limited by the Q-factor, crosses 0 at λ 0 , and increases again. Similarly, the analysis for a varying cavity width (or equivalently a varying λ 0 ) is fairly straightforward. When the width is smaller than W R for λ 0 ) 1530 nm, the GP wavelength (λ GP ) depends strongly on the gap width, as can be see by the steep portion of the GP dispersion relation (inset of Figure 2b ). In this steep region, the phase swings quickly from a minimum value (limited by the Q-factor) to zero and the amplitude follows the same trend as the phase. On the contrary, while the width is increased above the resonance, λ GP does not vary significantly, in the flatter portion of the dispersion relation. In other words, for very wide gaps, λ GP remains close to 1530 nm, the phase saturates around π/4, and the output plasmon amplitude stabilizes. Once again, if the Q-factor is increased (e.g., by using thicker mirrors) the phase can vary over a broader range (between -π/2 and π/2), and the output amplitude is decreased accordingly since a small variation in width leads to complete detuning of the cavity due to off-resonance conditions. Conversely, one can set the resonant width of the cavity to a lower value, in the abrupt part of the GP dispersion relation, in order to get the same effect.
Essentially, our numerical simulations and our qualitative explanation show that we can design sources of plasmons with different relative phases and amplitudes. Our unidirectional plasmonic antenna design calls for sources of plasmons with equal amplitudes, and hence, the associated phase shift is relatively limited by a low Q-factor for the small values of W and the GP dispersion relation for the higher values of W.
A unidirectional antenna, depicted in Figure 3a , uses two GP cavities as described in detail below. The first cavity, resonant at λ 0 with W R ) 100 nm, generates plasmons with zero phase. A second cavity, placed a distance D from the first cavity, has a width W and generates plasmons with a relative phase difference φ. All other parameters remain the same. For fabricated cavities at least a few wavelengths deep along the z axis, we can reduce the analytical problem to one dimension (x axis). For this reason the field strength of the cavity-generated surface plasmons remains approximately constant along the direction of propagation (along the axis). This assumption is valid for weak dissipation or large propagation distances compared to the cavity separation D. Assuming equal amplitude sources, the plasmon field created by the antenna can be written as the sum of the two Green's functions Here, k sp is the surface plasmon wave vector and D is the distance between the two cavities. Then we can write the harmonic amplitude of the field on either side of the structure
Equation 4 demonstrates the directionality of the antenna; to generate a surface plasmon propagating only in the positive (respectively negative) x direction, we set, with n any integer Figure 3b shows a map of the antenna directivity, defined as the ratio between the intensities of the plasmonic field amplitudes on each side of the structure, as a function of both φ (or W) and D. The map indicates both positive and negative directionality as well as the strength of directionality for W between 50 and 400 nm and D between 100 nm and 3 µm. The directivity exactly follows the parametric curve given by eq 5, represented by the dashed black line for n ) 0. Furthermore, varying the cavity width produces amplitude differences that are clearly visible in Figure 3b . In fact, the directivity is quite low for small values of W, consistent with the low efficiency for small slit widths described above (see Figure 2b ). As expected, there is a maximum of directivity for W ) 200 nm, and the degree of directivity can be traced by following the dashed curve plotted in Figure 3b . Finally, in Figure 4 , we plot the instantaneous modulus of the total magnetic field created by the antenna, for a second slit width of 300 nm, and a separation D ) 340 nm, hence verifying eq 2. Clearly plasmons are generated only on the left side of the metal film.
We note here that the bulk waves are also sent in the same directions as the plasmons. This is due to the fact that at 1530 nm the wavenumber of the plasmons does not differ much from one of the waves in free space. This would be much different in the visible region, especially toward the low wavelengths, since the wevanumber of bulk waves would then be drastically different than that of SPs. We underline also that here we have chosen to use two cavities with similar amplitudes, hence limiting the phase difference between them through the Q-factor. It is possible to use cavities with really different amplitudes, by for example increasing the number of low efficiency cavities and spacing them correctly to allow the constructive interference of surface plasmons.
Finally, several avenues remain for future investigation. First, although our studies have been carried out with linear slit cavities for the sake of simplicity, our conclusions can be extended to any cavity shapesfor example, circular rings as plasmon sources with arbitrary phase. Second, the cavities described in this paper can be used in many applications. A periodic structure with a unit cell consisting of two cavities with one presenting a phase lag holds scientific and engineering merit. Similarly, one can imagine a periodic assembly of such GP cavities presenting subperiodic patterns of phase and amplitude differences, hence creating a new kind of ETL. Third, nonperiodic and nonuniform arrays of such unit cells may result in customizable generation of subwavelength fields of arbitrary phase and amplitude everywhere on the film. Finally, while the source is in nature plasmonic in order for it to be subwavelength, the output field is not limited specifically to plasmons but any availabe eigenmodes of its environment like bulk waves for example. Experiments and fabrication are underway for the structures proposed in this paper. One approach uses focused ion beam milling to etch slits in a metal film and physical vapor evaporation to deposit both the dielectric material and thin film mirrors. Another fabrication approach under consideration uses electron beam lithography combined with a plating solution to grow a gold film around dielectric structures. To conclude, we have presented a new class of nanooptical plasmonic sources based on subwavelength gap plasmon cavities designed with moderately narrow slits that are filled with a dielectric material and mirrored with a thin metallic film at each end. Such a structure allows control over the phase and amplitude of the plasmons excited in the cavity via the widths of the slits and the metallic mirrors. This structure provides a new platform for the design of surface plasmon based devices. Furthermore, it allows one to fabricate several different sources within the same metal film while the output side of the film remains planar. We have illustrated our approach by designing a unidirectional plasmonic antenna at the wavelength of 1530 nm using only two cavities. A periodic arrangement of cavities with carefully chosen dimensions for the desired phase broadens the spectrum of applications of ETL and related phenomena. We believe this concept can be extended to numerous optoelectronic parts based solely or partly on surface plasmons.
